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ABSTRACT
Phylogenetic analyses of angiosperm MADS-box genes suggest that this gene family has undergone

multiple duplication events followed by sequence divergence. To determine when such events have taken
place and to understand the relationships of particular MADS-box gene lineages, we have identified
APETALA1/FRUITFULL -like MADS-box genes from a variety of angiosperm species. Our phylogenetic
analyses show two gene clades within the core eudicots, euAP1 (including Arabidopsis APETALA1 and
Antirrhinum SQUAMOSA) and euFUL (including Arabidopsis FRUITFULL). Non-core eudicot species have
only sequences similar to euFUL genes (FUL -like). The predicted protein products of euFUL and FUL -
like genes share a conserved C-terminal motif. In contrast, predicted products of members of the euAP1
gene clade contain a different C terminus that includes an acidic transcription activation domain and a
farnesylation signal. Sequence analyses indicate that the euAP1 amino acid motifs may have arisen via a
translational frameshift from the euFUL/FUL-like motif. The euAP1 gene clade includes key regulators
of floral development that have been implicated in the specification of perianth identity. However, the
presence of euAP1 genes only in core eudicots suggests that there may have been changes in mechanisms
of floral development that are correlated with the fixation of floral structure seen in this clade.

THE products of MADS-box genes have been impli- developmental mechanisms evolved requires a determi-
nation of how these genes may have changed duringcated in the regulation of a variety of plant develop-
the course of angiosperm diversification.mental mechanisms and have been shown to be particu-

The history of the MADS-box gene family in plantslarly important in the specification and development of
is characterized by duplication events and subsequentthe angiosperm flower (Coen and Meyerowitz 1991;
divergence. For instance, phylogenies of the MADS-boxAngenent et al. 1995; Rounsley et al. 1995; Alvarez-
gene family show that two lineages, which include theBuylla et al. 2000a; Ferrandiz et al. 2000). In Arabi-
Arabidopsis B-function genes APETALA3 (AP3) and PIS-dopsis thaliana and other core eudicot species, MADS-
TILLATA (PI), arose by duplication from a single ances-domain-containing proteins are required for the proper
tral gene lineage and that the A-, B-, and C-functiontransition from an inflorescence meristem to a floral
lineages themselves are probably all products of duplica-meristem and for the correct specification of the identity
tion events (Doyle 1994; Purugganan et al. 1995; Tan-of the four types of floral organs. The specification of
dre et al. 1995; Hasebe and Banks 1997; Kramer et al.floral organ identity has been codified in the ABC model
1998; Krogan and Ashton 2000; Theissen et al. 2000).(Coen and Meyerowitz 1991), which postulates three
In addition to these duplications that preceded or oc-gene functions, A, B, and C, that act in overlapping
curred in conjunction with the origin of the angiosperms,concentric domains of the meristem to specify the floral
MADS-box gene lineage duplications have also occurredorgans. According to this model, based on work in the
within individual angiosperm lineages (Kramer andtwo model species A. thaliana and Antirrhinum majus,
Irish 1999; Lowman and Purugganan 1999). The fre-A-function specifies sepal identity in the outer domain
quency of these events suggests that any comparativeof the meristem, A � B specifies petal, B � C specifies
study of MADS-box genes requires as its foundationstamen (male reproductive organs), and C-function
a comprehensive gene phylogeny that can be used tospecifies carpel identity (female reproductive organs)
identify gene clades and to determine orthology (rela-in the innermost domain. Nearly all of the A-, B-, and
tionship through speciation) and paralogy (relationshipC-function genes belong to the MADS-box family. Thus,
through duplication) of various genes and lineages.understanding how different floral morphologies and
Such a phylogeny provides a basis for defining ortholo-
gous genes for comparison and thereby provides a
framework for comparative studies of gene structure,

Sequence data from this article have been deposited with the Gen- expression, and function across the angiosperms. WeBank Data Library under accession nos. AY306138–AY306195.
undertook a phylogenetic analysis of the APETALA1/1Corresponding author: MCDB, 266 Whitney Ave., Yale University,

New Haven, CT 06520-8104. E-mail: amy.litt@yale.edu FRUITFULL (AP1/FUL) MADS-box gene lineage (also
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called the SQUA lineage; e.g., Krogan and Ashton We investigated the history of the AP1/FUL lineage
by constructing a phylogeny that included sequences2000; Theissen et al. 2000), members of which have

been identified as key regulators of floral development from a variety of angiosperm species. Previous analyses
had suggested that AP1 and FUL themselves belong toin several model species, to identify duplication and

sequence divergence events that occurred during the separate closely related gene clades that were the result
of a duplication event that occurred sometime after thehistory of this gene lineage across the angiosperms.

In Arabidopsis, severe apetala1 mutants have sepals divergence of the monocot lineage (Hasebe and Banks
1997). The AP1 and FUL clades have been included intransformed into bract-like structures that subtend sec-

ondary flowers. Petals are absent. The inner two whorls a single gene family, generally called the AP1 or SQUA
family (e.g., Southerton et al. 1998; Hasebe 1999;of organs, the stamens and carpels, are essentially nor-

mal. This pattern may be repeated in the secondary Theissen et al. 2000; Pelucchi et al. 2002), which has
been further grouped with the SEPALLATA genes inflowers with the formation of tertiary nested floral struc-

tures (Irish and Sussex 1990; Bowman et al. 1993). On the AP1/AGL9 family (e.g., Purugganan et al. 1995;
Purugganan 1997; Buchner and Boutin 1998; Moonthe basis of this phenotype AP1 has been implicated in

the specification of floral meristem identity as well as et al. 1999; Lawton-Rauh et al. 2000). AP1 and FUL
genes share significant sequence similarity, and thusof sepal and petal identity (A-function; e.g., Irish and

Sussex 1990; Bowman et al. 1993; Weigel and Meyero- the orthology of published genes is often difficult to
ascertain. Our goal therefore was to determine to whichwitz 1994).

The Arabidopsis genome contains two genes, CAULI- group individual sequences belong in order to clarify
orthology and paralogy and to provide a framework forFLOWER (CAL) and FUL, that are closely related to AP1

and that share redundant functions for floral meristem gene comparisons. We also wanted to ascertain where,
with respect to angiosperm phylogeny, the AP1-FUL du-specification. CAL has no phenotype on its own, but the

ap1 cal double mutant shows an enhancement of the plication occurred. The results of our phylogenetic anal-
ysis indicate that there were several duplications in therepeated branching pattern seen in ap1 (Bowman et al.

1993; Kempin et al. 1995). An even more severe branch- evolution of the AP1/FUL gene family and that the AP1-
FUL duplication is correlated with the diversification ofing phenotype is seen in the Arabidopsis ap1 cal ful

triple mutant, in which essentially all floral meristem the core eudicots and the concurrent fixation of floral
structure. Sequence comparisons also identify conservedcharacter is lost and flowers are not formed (Ferrandiz

et al. 2000). In contrast to CAL, FUL also has separate amino acid motifs that allow us to differentiate AP1-
like and FUL-like sequences. These data allow us toand nonredundant functions and is required for proper

fruit and leaf development (Gu et al. 1998). In the Arabi- formulate hypotheses regarding the evolution of floral
developmental mechanisms across the angiosperms.dopsis ful mutant, a lack of proper cell differentiation

in the fruit walls abolishes fruit elongation, causing some
fruits to rupture prematurely as the seeds develop. In

MATERIALS AND METHODSaddition, the cauline leaves of ful mutants are broader
and rounder and have fewer cell layers than wild type. Unique AP1- and FUL-like sequences available during the

course of this study were identified by BLAST searchesTo date little information is available regarding the
(Altschul et al. 1997) and were included in the analysis (seefunction of members of the AP1/FUL gene family in
supplemental data at http://www.genetics.org/supplemental/other angiosperm species. CAL appears to be the result
for accession numbers). SEPALLATA-like sequences and Ara-

of a duplication specific to Brassicaceae (Purugganan bidopsis AGL6 and gymnosperm DAL1-like sequences, identi-
1997; Purugganan and Suddith 1998) and has been fied in published analyses as most closely related to the AP1/

FUL lineage (Purugganan 1997; Hasebe 1999; Theissen etimplicated in the cauliflower phenotype of Brassica olera-
al. 2000), were included as outgroups.cea (Kempin et al. 1995). Putative FUL orthologs are

New species were selected for inclusion in the analysis ac-widespread throughout angiosperms, but their roles in
cording to phylogenetic position (Figure 1) and availability

other species have not yet been defined. The loss- of floral bud material. Species used and genes cloned from
of-function mutation of the Antirrhinum AP1 ortholog, each are listed in Table 1. The species sampled include core

eudicots as well as a variety of non-core eudicots and non-SQUAMOSA (SQUA), shows a more complete loss of
eudicots. Total RNA was extracted from �1 g of floral budsfloral meristem identity than ap1 shows and rarely pro-
of varied ages using the standard Trizol (Invitrogen, Carlsbad,duces flowers, a phenotype similar to the ap1 cal ful
CA) protocol. For P. sativum, the RNeasy kit (QIAGEN, Valen-

triple mutant. Notably, when squa flowers are produced, cia, CA) was used; for Heuchera americana and Corylopsis sinensis,
the specification of organ identity is normal (Huijser Concert Plant RNA reagent (Invitrogen) was used to eliminate

starch coprecipitation. Poly(A)� RNA was isolated from totalet al. 1992). The proliferating inflorescence meristem
RNA using Magnetight particles (Novagen, Madison, WI). Thephenotype in Pisum sativum, caused by a mutation in
purification procedure was performed twice on each RNAthe AP1 ortholog PEAM4, has been described as similar
sample for cleaner separation of poly(A)� RNA. cDNA was

to that of squa mutants (Taylor et al. 2002). To date, synthesized using Superscript II (Invitrogen) according to the
AP1 is the only gene in this lineage that has been shown manufacturer’s instructions.

Amplification of target genes was carried out in two stagesto confer A-function in its native species.
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TABLE 1

Genes isolated in this study, listed by species

Species Family/order Gene namea Accession no.

Michelia figo (banana shrub) Magnoliaceae/Magnoliales MfAGL6A AY306157
MfAGL6B AY306158
MfFL AY306159

Peperomia caperata (emerald ripple peperomia) Piperaceae/Magnoliales PcFL1 AY306167
PcFL2 AY306168

Allium sp. (onion) Alliaceae/Asparagales AlFL AY306138
Tradescantia virginiana (spiderwort) Commelinaceae/Poales TvFL1 AY306190

TvFL2 AY306191
TvFL3 AY306192
TvFL4 AY306193
TvSEP3 AY306189

Ranunculus bulbosus (bulbous buttercup) Ranunculaceae/Ranunculales RbAGL6 AY306184
RbFL1 AY306179
RbFL2 AY306180
RbFL3 AY306182
RbFL4 AY306183

R. acris (common buttercup) Ranunculaceae/Ranunculales RaFL AY306181
Papaver nudicaule (Iceland poppy) Papaveraceae/Papaverales PapnSEP3 AY306174

PapnFL1 AY306175
PapnFL2 AY306176

P. somniferum (opium poppy) Papaveraceae/Papaverales PapsFL1 AY306177
PapsFL2 AY306178

Chelidonium majus (celandine) Papaveraceae/Papaverales CmFL1 AY306144
CmFL2 AY306145

Pachysandra terminalis (pachysandra) Buxaceae/Buxales PatSEP1 AY306166
PatFL1 AY306164
PatFL2 AY306165

Phytolacca americana (pokeweed) Phytolaccaceae/Caryophyllales PaFL1 AY306161
PaFL2 AY306162
PaFUL AY306163
PaAP1 AY306160

Heuchera americana (coral bells) Saxifragaceae/Saxifragales HeaSEP1 AY306151
HeaFL AY306149
HeaFUL AY306150
HeaAP1 AY306148

Corylopsis sinensis (Chinese winter hazel) Hamamelidaceae/Saxifragales CsFUL AY306146
CsAP1 AY306147

Clarkia concinna (pink ribbons) Onagraceae/Myrtales CcFL AY306143
Pisum sativum (pea) Fabaceae/Fabales PisFUL AY306169
Syringa vulgaris (lilac) Oleaceae/Scrophulariales SvSEP1 AY306187

SvSEP3 AY306186
SvAP1 AY306185
SvAGL6 AY306188

Antirrhinum majus (snapdragon) Scrophulariaceae/Scrophulariales AmSEP3A AY306140
AmSEP3B AY306141
AmSEP3C AY306142
AmFUL AY306139

Petunia hybrida (petunia) Solanaceae/Solanales PhSEP1 AY306173
PhSEP3 AY306171
PhFL AY306170
PhFUL AY306172

Lycopersicon esculentum (tomato) Solanaceae/Solanales LeSEP1 AY306152
LeSEP3 AY306153
LeFUL1 AY306155
LeFUL2 AY306156
LeAP1 AY306154

Paeonia suffruticosa (peony) Paeoniaceae/Saxifragales PsMDS2 AY306195

a Genes are named with two to four letters (the first uppercase and the rest lowercase) denoting the species (e.g., Mf for M.
figo), followed by an abbreviation indicating the gene clade to which they belong according to the results of this analysis (AGL6,
AGAMOUS-like6; SEP1, SEPALLATA1; SEP3, SEPALLATA3; FL, FUL-like; FUL, euFUL; AP1, euAP1. PsMDS2 was cloned by Elena
Kramer (Harvard University).
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using a protocol designed to recover all possible genes belong-
ing to the AP1/FUL gene lineage. First, a forward degenerate
primer (AP1MDS3, GTNCARYTNARRMGNATNGARAAYAA
GAT), designed to anneal to the MADS-box of AP1- and FUL-
like sequences, was used with a poly(T) reverse primer [poly(T),
GACTCGAGTCGACATCGA(T)17V]. The reaction was run for
30–35 cycles with an annealing temperature of 42� on a Gene-
Amp 2400 thermocycler (Perkin-Elmer/Applied Biosystems,
Norwalk, CT). Products with discrete bands of 500–1000 bp
were cloned (TOPO-TA cloning kit, Invitrogen). In addition,
the product of this first amplification reaction was diluted 1:25
and used as template in successive PCR reactions. These reactions
used combinations of three nested forward primers (AP1MDS1,
GCICWTGARMTNTCNRTNYTNTGYGATGC; AP1MDS2, TGG
NYTKNTSAAGAARGCTCATGA; SQUA, TCWGTKCTTTGTGA
TGCTGAAGT) and three nested reverse primers (AP1R2, ATA-
SASTGGTTCCAGMGTWAGGTC; SQUAR, GCAAAGCATCCM
AKATGGCATG; AGL8R, AGRTGRYKAASCATCCAIKGIGGCA) Figure 1.—Outline of angiosperm phylogeny. Arabidopsis
as well as the two primers used in the initial amplification is a rosid and Antirrhinum is an asterid. Species used in this
reaction. These reactions were run for 30–40 cycles at an study are indicated according to taxonomic group. This simpli-
annealing temperature of 46�. All products showing a 500- to fied phylogeny is based on analyses from Angiosperm Phy-
1000-bp band on an agarose gel were cloned. logeny Group (1998), Savolainen et al. (2000), and Soltis

At least 50 clones were sequenced for most species. AP1-, and Soltis (2000).
FUL-, and SEP-like sequences from each species were aligned
using GeneWorks (Oxford Molecular, Springfield, VA) or
CLUSTALX (Thompson et al. 1994) to determine how many tic search replicates (random stepwise taxon addition and TBRdifferent sequences were present, and representative samples branch swapping). Analyses were performed using differentwere sequenced on the reverse strand. Sequences from several representatives of the SEPALLATA and AGL6 gene clades asspecies that were not exhaustively assessed were also included. outgroups (not shown); these different outgroup samples pro-These species include Petunia hybrida, Lycopersicon esculentum, duced no appreciable changes in the topology of the ingroup.Clarkia concinna, P. sativum, Syringa vulgaris, Ranunculis acris, An analysis was also performed in which 200 nucleotides fromand Papaver nudicaule. The following unpublished sequences the most variable region of the 3� end of the sequences were
were used with permission: Lilium regale LrSQA, LrSQB (A. Kanno, eliminated from the aligned data matrix. The results (not
Tohoku University), P. sativum PM9 (F. Madueno, Universidad shown) were the same except for the placement of AtFL and
Politecnica de Valencia-CSIC), and Paeonia suffruticosa PsMADS9 the monophyly of the non-core eudicot clade.
(E. Kramer, Harvard University). Core eudicot gene clades were named according to the

It was not possible to determine whether slightly different Arabidopsis gene belonging to that clade (the euAP1 and
sequences represented alleles of a single gene or were in fact euFUL clades). Non-core eudicot and non-eudicot gene clades
different genes; therefore the observed pattern of nucleotide were designated “FUL -like” on the basis of the similarity of
variability was used to make this assessment. Groups of similar the sequences in these clades to those in the euFUL clade.
sequences were compared at variable sites; if a group could be Genes were named according to species and to gene clade
divided into subgroups such that members of each subgroup membership; thus SvAP1 is the euAP1 gene isolated from
shared the same nucleotide at each site, the subgroups were the core eudicot S. vulgaris (lilac), PaFUL is the euFUL gene
treated as separate genes and were all included in the analysis. isolated from the core eudicot Phytolacca americana (poke-
If a group of similar sequences could not be so subdivided, weed), and MfFL is the FUL -like gene isolated from the mag-
and members showed nucleotide differences in a variable noliid Michelia figo.
pattern across the gene, those sequences were taken to repre-
sent alleles of the same gene. In these cases a consensus se-
quence was used in the analysis.

RESULTSAttempts to align nucleotide sequences produced inconsis-
tent and significantly variable results. Amino acid sequences AP1/FUL gene phylogeny is congruent with angio-
gave more reproducible results but contained insufficient in- sperm phylogeny: To generate a phylogeny of the AP1/formation to produce well-resolved phylogenies. Therefore

FUL genes, we cloned representatives of this gene lin-putative amino acid sequences were aligned in CLUSTALX
eage from 19 species representing major clades fromand aa2dna (http://www.bio.psu.edu/People/Faculty/Nei/

Lab/software.htm) was used to substitute the nucleotide se- across the angiosperms (Figure 1). The sequences were
quences for the amino acids, thus producing a matrix of used in a parsimony analysis, along with AP1/FUL and
aligned nucleotide sequences (supplemental data at http:// outgroup (SEP, DAL1-like, and AGL6) sequences avail-www.genetics.org/supplemental/). Mega version 2.1 (Kumar

able in GenBank. The analysis found two most parsimo-et al. 2001) was used to translate the alignment into a format
nious trees that differ only in the relative positions offor phylogenetic analysis. Phylogenetic analyses were per-

formed in PAUP 4.0b10 (Swofford 2000) with Arabidopsis the three Brassicaceae AP1 sequences. The consensus
AGL6 used to root the tree on the basis of previously published of the two trees is shown in Figure 2 and in simplified
analyses (Purugganan 1997; Hasebe 1999; Theissen et al. form in Figure 3. The structure of the monophyletic
2000). Parsimony analyses were performed with heuristic

AP1/FUL clade in general mirrors angiosperm phylog-search replicates (100 repetitions of random stepwise taxon
eny (Figure 1), with successive branches leading toaddition with TBR branch swapping). Bootstrap support

(Felsenstein 1985) for clades was estimated with 1000 heuris- clades that consist of genes from successive branches of
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Figure 2.—Consensus of
the two most parsimonious
trees. The data included
133 total sequences. Boot-
strap values of �50% are in-
dicated for clades discussed
in text. Dotted lines indicate
bootstrap support of �50%
for clades discussed in text.
The individual trees were
13,666 steps; CI � 0.16 and
RI � 0.58. The only dis-
agreement between the two
trees was the relationship of
three Brassicaceae genes
(black hexagon). Gene
clades are indicated by
color: green, euAP1; blue,
euFUL; purple, core eudi-
cot FUL -like; pink, non-core
eudicot FUL -like; red, mag-
noliid FUL -like; light and
dark brown, monocot FUL -
like; light gray, SEPALLATA;
dark gray, gymnosperm
DAL1-like; black, angio-
sperm AGL6-like. Taxo-
nomic affiliations of species
from which individual gene
sequences were obtained
are indicated by font color:
black, core eudicot; brown,
ranunculid, orange, other
non-core eudicot (Pachy-
sandra); blue, magnoliid;
green, monocot; gray, gym-
nosperm. The black circle
indicates non-core eudicot
clade, and the single arrow
points to the Arabidopsis se-
quence that groups within
this clade. Double arrows
point to two Antirrhinum
sequences with characteris-
tics of FUL -like genes. Black
squares indicate Solanaceae
gene clades, X’s indicate
caryophyllid gene clades,
black diamonds indicate
asterid gene clades, and the
black star indicates rosid
euAP1 clade. Asterisks de-
note sequences generated
in this study. See text for de-
tails.
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Figure 4.—Relationship of duplication events to angio-
sperm phylogeny. The positions of the duplication events iden-
tified in the phylogenetic analysis of the AP1/FUL gene lineage
are indicated on the angiosperm phylogeny shown in Figure
1. See text for explanation.

The overall topology of the AP1/FUL gene tree corre-
sponds to angiosperm phylogeny, but within the two
major clades of core eudicot AP1/FUL genes (the euAP1
and euFUL gene clades, Figure 3), this congruence
breaks down. There are subclades composed of genes
from specific angiosperm lineages, for instance, Solana-
ceae and Caryophyllidae (Figure 2); however, not all
subclades are present in both the euAP1 and euFUL
clades. For example, each has a subclade of asterid se-
quences, but only the euAP1 clade has a subclade of
rosid sequences (Figure 2). In addition, the relative
positions of some subclades differ; for instance, in the
euFUL clade the caryophyllid sequences are nested

Figure 3.—Summary of the results of the phylogenetic anal- within the clade, whereas in the euAP1 clade they are
ysis. Major gene clades are represented by triangles. The out- sister group to the rest of the clade (Figure 2). The lackgroups consist of SEPALLATA sequences and AGL6-like se-

of congruence between the topologies of the euAP1 andquences from gymnosperms and angiosperms.
euFUL gene clades probably reflects uneven taxonomic
sampling in the two clades, but may reflect gene loss in
one or both clades.the angiosperm phylogenetic tree. The results of the

bootstrap analysis (Figure 2) show that although there Phylogeny of the AP1/FUL lineage shows several du-
plication events: Inspection of the consensus tree revealsis strong support for most of the major clades in the

AP1/FUL phylogeny, there is little support (�50%) for evidence for the occurrence of several duplications dur-
ing the history of the AP1/FUL gene lineage. The mono-the arrangement of these clades relative to each other.

This suggests that conclusions that rely on the order of cot AP1/FUL sequences (monocot FUL -like genes) fall
into two successively branching clades (Figures 2 andbranching of the major gene clades must be made with

caution. However, the congruence of the most parsimo- 3). This suggests a duplication in the gene lineage either
prior to the origin of the monocots, with loss of one ofnious gene trees with established angiosperm phylogeny

provides corroborating evidence for this topology. the paralogs in later branching angiosperm lineages, or
within the monocots, with unequal rates of divergenceExamination of the consensus tree turns up only one

inconsistency in the correlation between the topology in the two resulting gene clades (Figure 4). However,
the bootstrap analysis shows poor support (�50%) notof the AP1/FUL gene tree and the angiosperm phyloge-

netic tree: the presence of an Arabidopsis sequence only for the placement of the two monocot gene clades
relative to each other, but also for the monophyly of(AtFL) in the midst of an otherwise non-core eudicot

clade (Figure 2). Analysis of the predicted protein se- the larger of the two monocot clades.
The ranunculid AP1/FUL genes (non-core eudicotquence of this open reading frame, which is represented

in GenBank only as a genomic fragment, shows that it FUL -like genes) also fall into two clades, but in this
instance the two clades together form a monophyleticis most likely a highly divergent paralog. In addition,

four of the putative AP1/FUL sequences generated in group (Figure 2). This topology suggests an AP1/FUL
lineage duplication within the ranunculid lineage (Fig-this study (MfAGL6A and MfAGL6B from M. figo,

RbAGL6 from R. bulbosus, and SvAGL6 from S. vulgaris) ure 4). Bootstrap support for the sister-group relation-
ship of the two subclades is �50%; however, most ofproved to be more similar to Arabidopsis AGL6 than to

the AP1/FUL genes. the ranunculid species sampled are represented by at
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least one sequence in each of the two clades, providing DAL1-like sequences (MQGWMV; Figure 5A). The tryp-
tophan in the fourth position is strictly conserved in allevidence for a duplication. The absence of a Papaver

nudicaule sequence from one of the two clades may be sequences included in this analysis, and the residue
following the tryptophan is methionine in all but a fewdue to incomplete sampling or to loss of one lineage in

that species. The sequences of the Pachysandra terminalis AP1/FUL and SEP sequences. The glycine in the third
position is highly conserved in the DAL1-like and SEPgroup in one of the two ranunculid clades; this position

is supported by a moderately high (82%) bootstrap sequences (see also Tandre et al. 1995) but is replaced
by a proline in most FUL-like and euFUL sequences.value (Figure 2). Pachysandra is not a ranunculid but

is in the same paraphyletic assemblage of non-core eudi- In the SEP and DAL1-like sequences this motif nearly
always terminates the proteins, in contrast to the five-cots (Figure 1). The presence of Pachysandra genes

in only one of the two clades may indicate that the to seven-amino-acid extension that follows the FUL-like
motif in FUL-like and euFUL sequences.duplication occurred within the ranunculids and that

the sequences in the clade that lack the Pachysandra The FUL-like motif, identified in the predicted pro-
tein products of monocot, magnoliid, ranunculid, andsequences diverged more rapidly from the ancestral pre-

duplication eudicot sequence. two groups of core eudicot genes (euFUL and FUL -
like), is absent from the predicted products of the euAP1Within the core eudicots there is evidence for two

duplications that produced three gene clades: the gene clade. These euAP1 sequences instead have a dis-
tinct C terminus with two short conserved motifs, RRNa-euAP1 clade, the euFUL clade, and the core eudicot

FUL -like clade (Figures 2–4). Representatives of the LaLT/NLa, where “a” is an acidic residue (euAP1 motif),
and CFAT/A (farnesylation motif), which terminates theeuAP1 and euFUL clades have been identified from a

wide variety of core eudicot species; however, to date protein (Figure 5A). A variable number of additional acidic
residues are just upstream of the euAP1 motif (Figure 5A),core eudicot FUL -like genes have been identified in

only six species. The core eudicot FUL -like clade has and in the case of several euAP1 proteins, this acidic region
(including both the euAP1 motif and the upstream re-strong bootstrap support (93%) and includes genes

from all major core eudicot lineages that were sampled gion) has been shown to have transcriptional activation
properties when tested in yeast (Cho et al. 1999). Thefor this analysis, suggesting that more intense sampling

of other species may uncover additional members of four terminal amino acids of euAP1 predicted proteins
form a farnesylation motif, which is a signal for thethis clade. The core eudicot FUL -like gene clade is sister

group to a monophyletic group formed by the euAP1 attachment of a farnesyl moiety to the cysteine residue;
farnesylation causes proteins to be targeted to mem-and euFUL gene clades, but bootstrap analysis shows

weak support (�50%) for this position. branes. Yalovsky et al. (2000) showed that Arabidopsis
AP1 is farnesylated in vivo and in vitro. The euFUL andAmino acid alignment defines conserved C-terminal

motifs: The predicted amino acid sequences of the FUL-like proteins, which lack this motif, are most likely
not so modified.genes included in this analysis have the typical “MIKC”

structure of plant type II MADS-domain containing pro-
teins (Alvarez-Buylla et al. 2000b). Some residues in

DISCUSSION
the M, I, and K domains appear to be diagnostic for
the AP1/FUL clade as compared to the SEP, DAL1-like, The AP1/FUL genes are found only in angiosperms:

Many of the genes that have been shown in Arabidopsisand AGL6-like sequences. In general, the sequences
included in this analysis are highly conserved through- to be key regulators of floral development (e.g., AP1,

AP3, PI, AG, SEP1, SEP2, SEP3) belong to closely relatedout the MADS and K domains and somewhat more
variable but still conserved in the I domain and N-termi- paralogous lineages of the MADS-box gene family.

These lineages appear to have arisen as a result of dupli-nal portion of the C terminus. In contrast, much of the
C-terminal domain is widely divergent, even in se- cation events, although the exact relationship of the

lineages to each other and the timing of the duplicationsquences from closely related species. Most of the AP1/
FUL sequences contain C-terminal regions rich in gluta- is unclear (e.g., Purugganan 1997; Winter et al. 1999;

Krogan and Ashton 2000; Theissen et al. 2000). Themine, but regions rich in proline, serine, or glycine are
also common. At the very C terminus all the FUL-like AP3/PI (Arabidopsis B-function) and AG (Arabidopsis

C-function) lineages are both present in gymnospermsand euFUL sequences show a highly conserved hy-
drophobic six-amino-acid sequence (FUL-like motif: (Tandre et al. 1995; Hasebe 1999; Sundström et al.

1999; Becker et al. 2000; Theissen et al. 2000); thusL/MPPWML). This is generally followed by either two
basic residues or one polar and one basic residue (Fig- the origins of the genes responsible for specifying the

identity of the male and female reproductive organsure 5A). The number of amino acids between the FUL-
like motif and the C terminus of the protein varies from predate the origin of the flower. This is consistent with

the apparent homology of the male and female game-five to seven. A related conserved motif (IPGWML) has
been reported in SEPALLATA sequences (Ampomah- tophytes of angiosperms with those of gymnosperms

(Endress 2001).Dwamena et al. 2002), and it can be seen in related
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Figure 5.—Conserved C-terminal
motifs. (A) C terminus of representa-
tive outgroup, FUL-like, euFUL, and
euAP1 predicted protein sequences.
Sequences marked with an asterisk
were generated for this study; those
sequences are incomplete at the
C terminus, indicated by question
marks. Conserved sequence motifs
are in boldface type and boxed with a
solid line (see text for details). Dotted
box shows region of euAP1 sequences
with a high percentage of acidic
amino acids (see text for details). (B)
Frameshift relationship between eu-
FUL and euAP1 motifs. Representa-
tive sequences showing evidence that
the farnesylation motif present in
the predicted protein sequences of
euAP1 genes may have evolved from
the FUL-like motif through a transla-
tional frameshift. In the two exam-
ples presented, the top line is the nu-
cleotide sequence, and the following
two lines are two of the three possible
translation frames. The predicted
correct translations are boxed. In the
case of CmFL2, the correct frame has
the FUL-like motif, but the farnesyla-
tion motif can be seen in the incor-
rect frame. In the case of BpMADS3,
the correct frame has the farnesyla-
tion motif but five of the six amino
acids of the FUL-like motif can be
seen in the incorrect frame.

In contrast, our data and previous studies (e.g., Tan- This is not the case for the lineages of other genes that
are implicated in the specification of floral meristemdre et al. 1995; Hasebe 1999; Sundström et al. 1999;

Becker et al. 2000; Theissen et al. 2000) indicate that identity, such as Arabidopsis LEAFY (LFY). Members of
the LFY lineage have been identified also in gymno-the AP1/FUL genes, which have been shown in model

species to be required for the specification of floral sperms, where they appear to have a role in the specifi-
cation of reproductive shoot identity (Mellerowicz etmeristem identity (Irish and Sussex 1990; Huijser et

al. 1992; Bowman et al. 1993; Ferrandiz et al. 2000), al. 1998; Mouradov et al. 1998; Shindo et al. 1999;
Frohlich and Parker 2000). Thus the function of LFYappear to be unique to angiosperms (Figures 2 and 3).

Although the gymnosperm DAL1-like genes share some in determining reproductive identity predates flowers
and is not unique to angiosperms. In contrast, the corre-sequence similarity with AP1/FUL genes, they are more

similar to Arabidopsis AGL6, and in all analyses they lation of the origin of the AP1/FUL lineage with the
origin of flowers suggests a possible role for these genesgroup outside of the AP1/FUL clade (Hasebe and Banks

1997; Purugganan 1997; Hasebe 1999; Winter et al. in the evolution of this key angiosperm feature.
A duplication at the base of the core eudicots pro-1999; Becker et al. 2000; Theissen et al. 2000). Thus

AP1/FUL genes, which play a key role in floral specifica- duced the euAP1 and euFUL clades: Genes of the euAP1
clade are found only in core eudicot species, and thesetion in model species, appear to be angiosperm specific.
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species also possess euFUL genes, thus providing evi- the core eudicots. This suggests that there may have
been changes in the genetic mechanisms regulatingdence for a duplication that coincided with the origin

of this angiosperm clade (Figures 2–4). Core eudicots, floral development that occurred in conjunction with
the origin of the core eudicots. Associating specific se-which comprise the majority of extant angiosperm spe-

cies, have a fixed floral architecture, in contrast to ear- quence motif changes with the evolution of particular
morphological novelties will require functional analyseslier diverging angiosperms, which are more plastic in

their floral structure (Endress 1992, 1994; Drinnan et of these genes in core eudicot and noncore eudicot
species (e.g., Lamb and Irish 2003).al. 1994; Albert et al. 1998; Soltis et al. 2003). In non-

eudicot and non-core eudicot species, floral organs may Additional duplications occurred during the evolu-
tion of the AP1/FUL lineage: The topology of the mostbe arranged in discrete whorls, in continuous spirals,

or in a combination of both (e.g., whorled perianth but parsimonious trees found in this analysis indicates that
there have been at least three other duplications withinspiral reproductive organs). Particularly in species with

spiral phyllotaxy, the number of organs of each type may the AP1/FUL lineage. In addition to the euAP1 and
euFUL core eudicot gene clades, the phylogeny showsbe variable from flower to flower. In addition, flowers of

non-eudicot and non-core eudicot species may have only a third clade of core-eudicot sequences, the core eudicot
FUL -like genes. The presence of three clades of coreone type of sterile perianth organ (tepals), rather than

a bipartite perianth of differentiated sepals and petals. eudicot genes suggests that there were two AP1/FUL
lineage duplication events within the core eudicots (Fig-In the core eudicots these elements of floral structure

become fixed; thus all core eudicot flowers have, as a ures 2–4). However, bootstrap support for this position
of the core eudicot FUL -like gene clade is weak (�50%;basic plan, a whorled arrangement of four distinct organ

types with a fixed number of organs in each whorl. Figure 2). Preliminary analyses based on a slightly
smaller data set suggested that the additional duplica-The fixation of floral structure in the core eudicots

suggests that there may have been changes in floral tion occurred at the base of the eudicots, rather than
within the core eudicots (results not shown); not surpris-developmental mechanisms that occurred in conjunc-

tion with the origin of this angiosperm group. It is thus ingly, bootstrap support for that topology was also low
(�50%).notable that the duplication event in the AP1/FUL lin-

eage that produced the euAP1 gene clade occurred at The presence of two clades of monocot FUL-like genes
is evidence of another duplication. The observed topol-the base of the core eudicots and furthermore that the

predicted euAP1 amino acid sequences contain novel ogy (Figures 2 and 3) of successively branching monocot
FUL-like gene clades implies that the duplication oc-C-terminal motifs that are postulated to confer new

functional capabilities on the euAP1 proteins. The cor- curred prior to the origin of the monocots. This requires
that both resulting paralogous lineages were maintainedrelation of the origin of the euAP1 gene clade with the

fixation of floral structure in the core eudicots suggests in the monocots, but that one of the lineages was lost
in later branching angiosperm groups. An alternativethat this new protein structure may have played a role

in the evolution of the core eudicot flower. explanation is suggested by the uneven taxon represen-
tation in the two clades. The smaller, earlier branchingSimilar duplications have been identified in the lin-

eages of other MADS-box floral development genes, clade is composed of genes from three species (Trades-
cantia, Oryza, and Hordeum), whereas the larger cladesuggesting that multiple individual gene duplications

or a genome-wide duplication event may have played a is composed of genes from these three species and seven
more. Tradescantia, Oryza, and Hordeum are all mem-role in the evolution of core eudicot floral structure.

Kramer et al. (1998) studied the phylogeny of the AP3 bers of one lineage of monocots, the commelinoids,
suggesting that the duplication may have occurred(Arabidopsis B-function) gene lineage and identified a

duplication event that parallels what is seen in the AP1/ within the commelinoid monocots. Under this scenario,
the successive branching pattern of the two monocotFUL lineage. They found two gene clades (euAP3 and

TM6) within the core eudicots, whereas outside of the FUL-like gene clades would most likely be due to a
higher rate of divergence in the smaller clade. AP1/FULcore eudicots they found only one lineage (paleoAP3).

Furthermore, they identified a conserved motif in the genes from earlier branching angiosperm lineages are
needed to clarify the position of this duplication.predicted paleoAP3 amino acid sequences that was

maintained in the core eudicot TM6 clade, but that was The results of our analysis also indicate a duplication
within the ranunculids. The ranunculid FUL -like geneslost in the euAP3 clade and was replaced by a novel

motif. Examination of the phylogeny of the AG lineage group in two subclades, one of which is moderately well
supported (82%) but one of which has weak (�50%)(Arabidopsis C-function) also reveals evidence of a du-

plication that occurred after the divergence of the bootstrap support (Figure 2). The two clades together
form a weakly supported (�50%) monophyletic group,monocots (Hasebe and Banks 1997; Davies et al. 1999;

E. Kramer, personal communication). Thus in the lin- with most species being represented in both clades. This
topology suggests a single duplication at the base of theeages of three key regulators of floral development,

AP1, AP3, and AG, we can identify significant evolution- ranunculids. Evidence of duplication events within the
ranunculids was also seen in phylogenetic analyses ofary events that are correlated with the diversification of
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the AP3 and PI gene family (Kramer and Irish 1999). all FUL-like and euFUL proteins. This FUL-like motif
can be seen in the outgroup (SEP, DAL1-like, andThe results of that study point to several separate dupli-

cation events within different ranunculid lineages. In AGL6) sequences (Figure 5A), although the exact resi-
due composition is not strictly conserved. The high de-contrast, our analysis of the AP1/FUL lineage suggests

a single duplication at the base of the ranunculid clade. gree of conservation of this motif is a strong indication
that it is functionally important and suggests that itsPhylogenetic analysis clarifies orthology and paralogy:

The phylogenetic analysis presented here provides a loss and replacement with a different motif in euAP1
proteins may result in altered functional capabilities offramework for the assessment of the orthology and par-

alogy of AP1/FUL genes by identifying duplication the euAP1 proteins.
Several studies have investigated the significance ofevents in the history of this gene lineage and by defining

the resulting paralogous gene clades. Previous studies the C-terminal domain and the conserved motifs of
euAP1 proteins. Krizek and Meyerowitz (1996) madehave not had a basis for determining orthology or paral-

ogy of newly identified AP1/FUL genes, although differ- constructs consisting of the MI region of AP1 and the
KC region of AGAMOUS and found that under theences between euAP1 and euFUL genes have been noted

(Elo et al. 2001; Gocal et al. 2001; Jang et al. 2002). As a control of the CaMV 35S promoter the construct was
able to partially rescue the strong ap1-1 mutant. Con-result, comparisons have been made among paralogous

genes (e.g., Kyozuka et al. 1997; Pouteau et al. 1997; structs consisting only of the AP1 MI domains failed
to produce an overexpression phenotype in wild-typeImmink et al. 1999; Jia et al. 2000; Gocal et al. 2001). Our

analysis clearly demonstrates that the euAP1 sequences Arabidopsis. Krizek and Meyerowitz (1996) concluded
that although K and C domains are required for properform a derived clade within the AP1/FUL family (Figures

2, 3, and 5A). Thus non-core eudicot and non-eudicot AP1 protein function, the specific motifs present in the
AP1 K and C domains are not completely required andAP1/FUL genes, such as those of monocots, magnoliids,

and ranunculids, are most appropriately compared with can be partially replaced by those of AG.
In contrast, other studies have localized specific func-other FUL -like and with euFUL genes, and not with

euAP1 genes. Likewise, comparisons between core eudi- tions of Arabidopsis AP1 and Antirrhinum SQUA to the
C-terminal domain (Cho et al. 1999; Egea-Cortines etcot euAP1 and euFUL genes should be done in the

context of their belonging to paralogous gene lineages al. 1999; Yalovsky et al. 2000). A domain rich in acidic
residues (Figure 5A) has been identified in Arabidopsisand possessing different sequence motifs.

The presence of two distinct clades of core eudicot AP1 and the putative euAP1 orthologs from Raphanus
sativus, Nicotiana sylvestris, and N. tabacum as a transcrip-genes with FUL -like sequence characteristics (euFUL

and core eudicot FUL -like; Figures 2 and 3) suggests tion activation domain (Cho et al. 1999). In Arabidopsis
AP1 and its ortholog from the closely related Raphanusthat designation of genes as FUL orthologs (members

of the euFUL clade) may be difficult in the absence this domain was found to function synergistically with
an upstream glutamine-rich region, the two regions to-of a phylogenetic analysis. On the basis of sequence

examination alone it is difficult to determine if a given gether producing a higher activation level than the sum
of that produced by the two regions separately. Thiscore eudicot gene belongs to the euFUL or FUL -like

clade. For instance, Müller et al. (2001) suggested upstream region is lacking from the Nicotiana se-
quences, which correspondingly showed lower levels ofDEFH28 as the probable Antirrhinum FUL ortholog on

the basis of analysis of the coding sequence and pro- activation. The euFUL and FUL-like predicted proteins
lack an acidic domain, but most have regions rich inmoter region, the similarities of expression pattern, and

the overexpression phenotype in Arabidopsis. In our glutamine or proline. Glutamine- and proline-rich re-
gions have been shown to confer transcription activationanalysis, however, DEFH28 groups with the core eudicot

FUL -like genes, not with the euFUL clade. We cloned, activity (Gerber et al. 1994), but this function has not
been tested in these proteins. The high degree of con-in addition to SQUA and DEFH28, a third Antirrhinum

gene (here designated AmFUL) that groups with the servation of the acidic domain in euAP1 sequences,
however, suggests that these proteins will show strongeuFUL clade and thus can be considered the ortholog

of FUL. This obviously does not preclude the possibility transcription activation activity.
The final four amino acids of the predicted proteins ofthat DEFH28 has functional roles similar to those of

FUL, as suggested by Müller et al. (2001). DEFH28 and euAP1 genes conform to a farnesylation signal (CaaX),
which has been shown to be functional in AP1 and toAmFUL may have redundant functions, a suggestion

supported by the close sequence similarity of the euFUL be required to produce an AP1 overexpression pheno-
type in Arabidopsis (Yalovsky et al. 2000). Research inand core eudicot FUL -like genes.

Diversification of C-terminal domains: The C-termi- other species, however, is equivocal as to whether this
farnesylation motif is required for proper functioningnal domain of AP1/FUL predicted proteins is highly

variable, as is characteristic of plant MADS-domain-con- of these proteins. The predicted product of PEAM4,
the euAP1 gene from P. sativum, ends after the secondtaining proteins. Nonetheless, there is a strongly con-

served hydrophobic six-amino-acid motif at the end of amino acid of the farnesylation motif. Nonetheless,
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when overexpressed in Arabidopsis in the strong ap1-1 monocots, and magnoliids do not have euAP1 or euAP3
genes. By extension, these species lack proteins with themutant background, PEAM4 is able largely to rescue

the mutant phenotype (Berbel et al. 2001). NtMADS11, conserved motifs characteristic of euAP1 and euAP3
proteins. The correlation between the origin of thesefrom N. tabacum ( Jang et al. 2002), and LtMADS2, from

Lolium temulentum (Gocal et al. 2001), are FUL -like derived genes and the origin of the core eudicots sug-
gests that at that point in angiosperm evolution theregenes, the predicted products of which lack the farnesyl-

ation motif entirely, yet, when overexpressed in Arabi- were changes in the mechanisms regulating floral devel-
opment. Thus we must consider the possibility that out-dopsis, they also show partial rescue of strong ap1 mu-

tants. In all these cases the heterologous gene is able side of the core eudicots the molecular mechanisms
underlying floral development may differ from what ispartially to replace AP1 function, but not completely.

One can therefore interpret this as meaning either that seen in Arabidopsis and Antirrhinum.
Arabidopsis remains the only species identified so farthe farnesylation motif is unimportant, because proteins

that lack it can partly substitute for AP1 functionally, in which a mutant for a gene belonging to the AP1/
FUL lineage results in a misspecification of organ iden-or that the farnesylation motif is required, because pro-

teins that lack it are not able to completely substitute for tity (Irish and Sussex 1990; Mandel et al. 1992; Bow-
man et al. 1993). However, Arabidopsis has three closelyAP1. However, the high degree of conservation suggests

that this motif is likely to play an important role in related genes, AP1, FUL, and CAL, with redundant roles
in floral meristem specification (Ferrandiz et al. 2000);modulating euAP1 gene function.

New motifs in euAP1 proteins may have arisen via thus it is likely that even strong ap1 mutants show only
a partial loss of function for this role. In strong ap1translational frameshift: Inspection of different possible

translation frames of ranunculid FUL -like and various mutants, the meristem shows some floral identity, partic-
ularly in the inner two whorls, in which the reproductivecore eudicot euAP1 sequences shows that the change

in C-terminal motifs may have arisen at least in part organs develop nearly normally. The outer two whorls
show some transition to floral character in the whorledvia a simple translational frameshift. For instance, the

translation of CmFL2, a noncore eudicot FUL -like gene arrangement of the organs, but their leaf-like nature
and the presence of secondary flowers demonstrate aidentified from Chelidonium (Figure 1), in one frame

terminates with RLCPPGCFIT, the final four amino persistent inflorescence character. Thus the loss of
proper organ identity may be a consequence of theacids of which form a canonical farnesylation motif.

However, in the correct frame the translation is LMP incomplete nature of the transition from inflorescence
to floral meristem, particularly in the outer two whorls.GWMLHH, which lacks the farnesylation motif but has

the expected FUL-like motif (Figure 5B). Evidence for According to this interpretation of the role of the
AP1 gene, there is no discrete A-function; rather, thethis frameshift can be seen in the different translation

frames of some genes from non-core eudicot species, apparent misspecification of floral organ identity in
the Arabidopsis ap1 mutant is a consequence of thewhich have only FUL -like genes (as in the Chelidonium

example above), as well as in genes from core eudicot incomplete specification of floral meristem identity. If
sepal production represents the ground state functionspecies, which possess euAP1, euFUL, and FUL -like genes.

For example, the correct translation of the Betula euAP1 of a florally determined meristem, floral organ identity
can be adequately specified with only the equivalent ofgene BpMADS3 terminates with CHLGCFAT, whereas

one of the two alternative translations terminates with the B- and C-function of the ABC model, as articulated
by Schwarz-Sommer et al. (1990; see also Egea-Cor-MSPWMLCH, which contains five of the six residues

characteristic of the FUL-like motif, including the strictly tines and Davies 2000; Theissen et al. 2000). Thus the
lack of examples of A-function mutants, coupled withconserved tryptophan (Figure 5B). Thus the farnesyla-

tion motif characteristic of the predicted protein prod- the data presented here regarding the restriction of the
euAP1 genes to the core eudicots, suggests that theucts of the euAP1 genes may have been derived by inser-

tion of a single nucleotide or by loss of two nucleotides universality and perhaps the concept of A-function
should be reevaluated.upstream of the FUL-like motif of an ancestral FUL-like
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